Recently, all-inorganic perovskite quantum dots (QDs) (CsPbX 3 , X = Cl, Br, I) as the emerging semiconductor materials have been intensively studied owing to superior optical properties. Currently, the strategy for preparation of inorganic perovskite QDs mainly focuses on the hot-injection method, but requires inert gas protection and is difficult to mass-produce. In this work, we developed a simple and low-cost strategy for preparing highly luminescent and air-stable allinorganic perovskite QDs by directly heating perovskite precursors in octane in air. The emission wavelength of CsPbX 3 perovskite QDs can be tunable from ultraviolet (UV) to infrared region by simply controlling their halide composition and display high PLQYs. Moreover, CsPbX 3 perovskite QDs in octane can exist more than half a year in air and the film of CsPbX 3 perovskite QDs also shows good thermal stability and air stability, especially high iodide-substituted CsPbBr 3-x I x perovskite QDs. The CsPbX 3 perovskite QDs can be easily blended with PDMS and used as color conversion layer on the blue LEDs chip for highquality white LEDs. Our work opens a window for the potential application of such highly luminescent material in the fields of multicolor LEDs, backlight display and other related optoelectronic devices.
Introduction
White light-emitting diodes (LEDs) as solid-state light sources have aroused much attention in the fields of lighting and backlit down converters for liquid crystal displays because of their cheapness, long working life, environmentally friendly and energy conservation characteristics [1] [2] [3] . Presently, commercial white LEDs are usually consisted of blue GaN-based chips and yellow YAG: Ce 3? phosphors or other nitride phosphors [4, 5] . Nevertheless, excited yellow phosphors usually generate the low colorrendering index (CRI) and the relatively high color temperature (CCT), making them difficult to meet the demand for high-quality white LEDs [6] . Therefore, obtaining a green luminescent phosphor with PLQYs, narrow emission and low cost still faces great challenges.
Recently, all-inorganic CsPbX 3 (X = I, Br, Cl) perovskite quantum dots (QDs) due to the high photoluminescence quantum yields (PLQYs, above 90%), narrow emission, tunable wavelength and short radiative lifetimes have received much attention [7] [8] [9] [10] . As a new type of promising optoelectronic materials, they are expected to have broad applications in electroluminescent (EL) diodes [11] [12] [13] [14] [15] [16] [17] , lasers [18] , photodetectors [19, 20] , scintillator [21] and backlit displays [22] . Furthermore, allinorganic CsPbX 3 perovskite QDs can be synthesized with much lower temperatures and simpler processes in comparison with classical inorganic nanocrystals or QDs [23] . These advantages endow CsPbX 3 QDs as an emerging luminescent material for multicolor display and white LEDs [24, 25] . Despite the merits of perovskite NCs, the inherent instability and poor reliability of perovskite QDs seriously impede practical applications, which bring a great challenge to commercialization. A lot of efforts have been devoted to improve the stability of perovskite QDs via embedding perovskite QDs into organic or inorganic matrix or surface coatings. For example, Wang group reported that encapsulation of all-inorganic perovskite quantum dots into a mesoporous metal-organic framework provides enhanced stability for optoelectronic devices [26] . Ren et al. synthesized CsPbX 3 (X = Br, I) PeQDs/ERGO films by encapsulation of PeQDs within Ergo Ò optical adhesive 8500
and exhibited great water resistance and air stability [27] . Liu et al. reported that composites of perovskite CsPbX 3 -embedded mesoporous silica particles showed enhanced stability [22] . Currently, a series of synthetic strategies, such as hot injection [9] , supersaturated recrystallization [28] , microwave reaction [29] , and ultrasonication [30] , have been developed to prepare CsPbX 3 perovskite QDs. However, these methods face different challenges in the preparation of CsPbX 3 QDs. For example, the hot-injection method often needs inert gas protection to complete the whole reaction process and reaction temperature is relatively high. Supersaturated recrystallization to prepare the high iodide-substituted CsPbBr 3-x I x PQDs (2 B x B 3) still faces great challenge because of their poor stability in air. In addition, toxic solvents such as toluene or chloroform are often required during the reaction process. Moreover, hot injection is not suitable for large-scale preparation of CsPbX 3 QDs because of their expensive, labor intensive and time-consuming [31] . Therefore, it is highly desirable to find a new method that aims to produce highquality and highly luminescent CsPbX 3 QDs for potential applications in the multicolor LEDs and white LEDs. Non-injection or heating method, where all reagents are placed in a reactor at room temperature and then heated to the desired reaction temperature to prepare NCs, is a promising method for large-scale preparation because it does not require a precursor injection. This method has been widely used to prepare metal oxides [32] , noble metal [33] and semiconductor [34] [35] [36] nanocrystals. In this paper, the multicolored, air-stable perovskite CsPbX 3 (X = Cl, Br, I) QDs were synthesized through a one-pot strategy by directly heating perovskite precursors in octane in air. The emission wavelength of CsPbX 3 perovskite QDs can be tunable from ultraviolet (UV) to infrared region and display high PLQYs. Moreover, the films of CsPbX 3 perovskite QDs show good thermal stability and air stability, especially high iodide-substituted CsPbBr 3-x I x QDs. Finally, the high performance of white LEDs and beautiful multicolor patterns was also achieved by using various colored CsPbX 3 perovskite QDs/PDMS ink as color conversion layer.
Experimental section Materials
All reagents were here used without further purification: lead chloride (PbCl 2 
CsPbX 3 QDs/PDMS ink and white LEDs
For the preparation of perovskite QDs/PDMS composite, the ethyl acetate was added into the supernatant solution with a volume ratio of 2:1; the precipitate was collected after centrifugation and dispersed into curing agent under stirring for 8 h. Next, the basic components were added into the above solution with weight ratio of 10:1. The concentration is about 100 mg/mL and then heated to 60°C for 10 h in a vacuum oven to form CsPbX 3 QDs/PDMS film. The white LEDs were consisted of a 460-nm blue-emitting chip, 517-nm green-emitting CsPbBr 3 QDs/PDMS layer and 643-nm red-emitting CsPbBrI 2 QDs/PDMS layer, respectively.
Characterizations
The structures and morphologies of the CsPbBr 3 QDs were characterized using XRD (Bruker D8 Advanced diffractometer with CuKa radiation), SEM (SU8020) and transmission electron microscopy (TEM, F20). UV-Vis absorption was tested by using a Lambda950 UV/Vis/NIR spectrophotometer, and PL spectrums were measured using a confocal micro-Raman system (HORIBA/LabRAM HR Evolution). The PLQYs were measured by a fluorescence spectrometer with an integrated sphere excited by a 405-nm laser. The PL decay curves were measured with an all-functional steady-state/transient fluorescence spectrometer (EI/FLS980-S2S2-stm). The EL spectrums of white LEDs were collected using an integrating sphere with an analyzer system (PR705 spectrometer).
Results and discussion
Highly luminescent and air-stable CsPbX 3 perovskite QDs have been fabricated by simply mixing Cs, PbX 2 precursors in octane in air. In the reaction process, the reaction temperature and time are very key parameters for controlling the emission wavelength and morphology of CsPbX 3 perovskite QDs. Take the CsPbBr 3 perovskite QDs as an example, Fig. 1 presents the PL intensity of CsPbBr 3 perovskite QDs with various reaction times at different temperatures. At low temperatures (below 60°C), the PL spectrum of the sample remained almost unchanged although the reaction time is long enough. This is because the perovskite CsPbBr 3 is in the nucleation state and grows very slowly. As the reaction temperature is up to 100°C (the boiling point of octane is about 125°C), the CsPbX 3 seed grows fast and the emission peak is not easy to control. In addition, the PL spectrum is broadened due to uneven size of nanocrystals at high temperature, as shown in Fig. 1c . All in all, the emission wavelength of CsPbBr 3 can be tuned by controlling the temperature at the same time interval, as shown in Fig. 1d . Correspondingly, the emission wavelength of CsPbBr 3 can be tunable from 434 to 525 nm, and the emitting colors of CsPbBr 3 QDs in octane range from dark blue to green (see the inset of Fig. 1d ). To get more information about nanocrystal nucleation and growth kinetics, samples were taken from the reaction vessel at various reaction stages and the ex situ PL spectra were measured. At an early stage, the corresponding metal-oleic acid complex and Br-ion release subsequently react to thereby nucleate the CsPbBr 3 seed, as indicated by enhanced redshift emission in the range of 4-16 min. During the final reaction stage ([ 16 min), the PL emission of the colloidal solution red shifted to * 517 nm and slightly changed in intensity, indicating that the CsPbX 3 seed has grown to form CsPbX 3 QDs (see Fig. 2a ). According to the analysis, the nucleation and J Mater Sci (2019) 54:6917-6929 growth of CsPbX 3 NCs in octane are very similar to the nucleation and growth of CsPbX 3 NCs in ODE [37] . The below part of Fig. 2a shows an optical photograph of CsPbBr 3 QDs in octane under a 380-nm UV lamp irradiation with various reaction times. The clear solution begins to turn gray white and blue emission is observed. After 16 min, a bright green emission was presented. The color change of the solution under UV light with different reaction times is consistent with the changes of their CIE color coordinates (see Fig. 2b ). Correspondingly, the emission wavelength of CsPbBr 3 can be tunable from 468 to 532 nm by controlling the reaction time (see Fig. 2b ). At the same time, the average diameters of CsPbBr 3 QDs increase from 4 to 30 nm (see Fig. 2c-e) , which is the proof of quantization [38] . Therefore, the proposed method for synthesizing CsPbX 3 NCs can be divided into three parts: metal-oleic acid complex and X-ion release, CsPbX 3 seed nucleation and CsPbX 3 NC growth.
The X-ray diffraction pattern (XRD) of CsPbBr 3 perovskite QDs is shown in Fig. 3a , in which the characteristic peaks at 2h = 15.1°, 21.4°, 30.5°, 33.9°, 37.7°and 43.5°, respectively, correspond to the reflections from (100), (110), (200), (210), (211) and (202) crystal planes of cubic phase structure of CsPbBr 3 (PDF#540752) [11] . The morphologies of CsPbBr 3 perovskite QDs on ITO glass substrate show a compact nanoparticles film from the results of scanning electron microscope (SEM, see Fig. 3b ). The insets are the digital images of CsPbBr 3 perovskite QDs film under natural light and 380 nm UV light. Figure 3c and inset show typical transmission electron microscopy (TEM) images and high-resolution TEM images of CsPbBr 3 perovskite QDs. The diameter of CsPbBr 3 QDs is observed ranging from 6 to 10 nm, and the high-resolution TEM results show that the lattice space is 0.296 nm, corresponding to the (200) plane of CsPbBr 3 QDs, which is in good agreement with other previously reported data [11] . In addition, the optical properties of the CsPbBr 3 QDs were measured by ultraviolet-visible absorption and PL spectrums, and an obvious excitonic absorption peak presents at 509 nm, which is similar to other observations [39, 40] . The PL spectra of the CsPbBr 3 QDs show a green emission (* 517 nm) with a line width of 18.1 nm. The small Stokes shift suggests that the PL emission of CsPbBr 3 QDs originates from the bound exciton-related recombination [22] . To get more information about the exciton recombination 
dynamics, the time-resolved PL spectra were measured, as shown in Fig. 3e . The decay curve can be well-fitted with a biexponential function: IðtÞ ¼
Àt s 2 [41, 42] . The obtained CsPbBr 3 QDs exhibit a short-lived lifetime of 6.6 ns (s 1 ) with a percentage of 66% assigning to the radiative recombination of the electron-hole pairs and the long-lived lifetime of 28.5 ns (s 2 ) with a percentage of 34% correlating with the surface state-related nonradiative recombination [43] . The average lifetime of CsPbBr 3 QDs is 21.8 ns, which is larger than that of the methylammonium lead bromide perovskite nanocrystals [39, 44] . Compared with the PL peak (525 nm) and lifetime (29.8 ns) of CsPbBr 3 nanosheets [15] , we found that the PL peak appears redshift and the lifetime becomes longer with the size of CsPbBr 3 increasing. The temperature-dependent PL spectra of typical CsPbBr 3 QDs film were measured to get more information about excitonic emission behavior, as shown in Fig. 4a . As the temperatures increase, the PL intensity of CsPbBr 3 QDs displays a decreasing trend and is also accompanied with a continuous blueshift of the emission peak. These blueshift phenomena are also observed from previously reported CsPbBr 3 and MAPbBr 3 QDs [12, 40] . This blueshift phenomenon is uncommon and may be related to thermal expansion and electron-phonon renormalization of the crystal lattice during heating [45] . The empirical Varshni relation was used to describe the temperature-dependent band gap of semiconductors, as shown in the following equation [46] :
Here, a is the coefficient of change and b is the Debye temperature for the material. For CsPbBr 3 QDs, the values of a ranges from (1.3 to 1.9) 9 10 -4 K -2 and b value from the Varshni relation is close to zero [47] . Therefore, as the temperatures increase, the PL peak of CsPbBr 3 QDs displays a continuous blueshift phenomenon. Considering that no structural phase transition is observed in the studied temperature region, the exciton binding energy is extracted by plotting the relationship between the integral PL intensity and the measured temperature, as shown in Fig. 4b . The integrated PL intensity decreases exponentially with increasing temperature, and exciton binding energy of CsPbBr 3 QDs can be deduced with the following equation [11, 48] :
in which I 0 is the emission intensity at 0 K, and A is the proportionality constant. k B is the Boltzmann constant and E B is the exciton binding energy of CsPbBr 3 QDs. The best-fitting curve gives the value of E B as 42 ± 3.6 meV, which is close to the previously reported values [11, 12] . Theoretically, the relatively high E B of CsPbBr3 QDs ensures that excitons can be able to survive above room temperature and their high rate recombination, highlighting their potential applications in LEDs, laser diodes and other exciton-related optoelectronic devices. Moreover, a detailed analysis temperature dependence of PL line width broadening behavior can provide the information of exciton-phonon coupling in QDs, which also strongly affects the emission of excitonic PL (see Fig. 4c ). The temperature-dependent FWHM of PL emissions for CsPbBr 3 QDs was fitted by adapting the independent Boson model to obtain optical phonon energy [49, 50] :
Here, C 0 is the inhomogeneous broadening contribution, r and C op describe the interactions of excitonacoustic phonon and exciton-optical phonon contributions to the line width broadening, respectively, and hx op is the optical phonon energy. From the equation, we can see that the first term C 0 is the main contribution factor to CðTÞ at low temperature. And at relatively high temperature, the contributions from acoustic and optical phonons dominate over that of CðTÞ. In the case that the energies of C 0 , C op and hx op in CsPbBr 3 QDs are almost independent of temperature, their constant values are obtained, respectively. The optical phonon energy is calculated to be 32.6 ± 2.6 meV, implying strong exciton-phonon interaction, which is in good agreement with the desired thermal anti-quenching action of CsPbBr 3 QDs. There is no phase change over the entire temperature measurement range (see Fig. 4d ) and so the operation of CsPbX 3 QD-related devices can be expected to work under harsh environments. A series of CsPbX 3 perovskite QDs with tunable wavelength were obtained by simply blending PbX 2 salts in octane precursors using this non-injection strategy in air. The PL spectra and UV-Vis absorption of the obtained CsPbX 3 perovskite QDs with various halide compositions display a single peak with a narrow emission, as shown in Fig. 5a , b. The emission peaks in the PL spectra changed from 416 to 671 nm as a function of halide components. Corresponding to the PL spectra, the absorption spectra show that more Br-ion-substituted I-ions or more Cl-ion-substituted Br-ions result in the band edges in the absorption spectra blueshifted. Meanwhile, the full width at half maximum (FWHM) of PL spectra ranges from 16 to 40 nm (see Fig. 5c and Table 1 ), which is little smaller than those of MAPbX 3 QDs [40] and the band gap linearly shifts for different Br/I and Cl/Br ratio samples conformed by Vegard's law [51] (see Fig. 5c ). The digital images of these CsPbX 3 perovskite QDs solution in octane under natural light and a 380-nm UV light are shown in Fig. 5d , which emitted color covering the whole visible light region. The PLQY of the CsPbBr 3 perovskite QDs was approximately 89%; it can be comparable to that of the organometal halide perovskite amorphous nanoparticles or previously reported CsPbBr 3 nanocrystals [9, 44] . In comparison, the Cl-or I-substituted CsPbX 3 perovskite QDs show much lower PLQYs, but the PLQYs of blue and red CsPbX 3 perovskite QDs still keep more than 60% (see Table 1 ).
Red, green and blue (RGB) are the basic color modes; other multicolors can be formed by the overlap of these three primary colors. We use CsPbX 3 perovskite quantum dots dispersed in PDMS (CsPbX 3 QDs/PDMS) as ink to realize multicolor ink painting, as shown in Fig. 6a . Compared with the photographs of multicolor patterns under natural light, the photographs of multicolor patterns under 380-nm UV light show more beauty and vividness. This phenomenon is mainly attributed to the high quantum efficiency and narrow emission of CsPbX 3 perovskite quantum dots. For example, the emission wavelength and FWHM of blue (CsPbCl 1.5 Br 1.5 ), green (CsPbBr 3 ) and red QDs (CsPbBrI 2 ) are located in 462 nm (16.5 nm), 517 nm (18.1 nm) and 643 nm (32 nm), respectively, as shown in Fig. 6b Fig. 6c ). The chromaticity of CsPbX 3 perovskite QDs is comparable to the reported cadmium-based QDs-LEDs or organometal halide perovskites QDs [43, 52] . Although the perovskite QDs have superior optoelectronic properties, they are still affected by moisture, heat and continuous light illumination, called chemical and optical stability. Our obtained inorganic perovskite QDs films show relatively good photo-stability and thermal stability, as shown in Fig. 7a, b . The relative PL intensity tends to decrease with increasing the time of UV irradiation (365 nm, 6 W lamp) or temperature, but their relative PL intensity still remains at around 70% after 40 h of UV irradiation or 80°C heating. As shown in the inset of Fig. 7b , even at high temperature of 80°C, the blue, green and red perovskite QDs film still keeps good luminescent characteristic. Moreover, the CsPbX 3 QDs/PDMS film has good moisture resistant, as shown in Fig. 7c, d ; even after soaking in water for 10 h, it still emits very bright fluorescence. In addition, this method can be readily large-scale synthesizing CsPbX 3 perovskite for potential commercial application. To verify the extensibility of our proposed method, the amounts of reagents were increased to four times in 250-mL three-necked flask, as shown in Fig. 8a-c . A concept experiment of white LED was proposed to demonstrate the application of CsPbX 3 QDs/PDMS composites in lighting. The white LED was consisted of a GaN-based blue chip (460 nm), green-emitting CsPbBr 3 QDs/PDMS layer and red-emitting CsPbBrI 2 QDs/PDMS layer, as shown in Fig. 8d . The optimized devices have a luminous efficacy of 40.3 lm W -1 at a current density QDs/PDMS layer and red perovskite QDs/PDMS layer, respectively. e Electroluminescence spectra of the constructed white LED operated at continuous working for 8 h, and the inset is the related digital photograph of the working white LEDs.
of 15 mA with coordinate value of (0.32, 0.33) and bright pure white light (see the inset of Fig. 8e ). Electroluminescence (EL) spectrums show a blue emission wavelength of GaN-based chip, a green emission wavelength belonged to CsPbBr 3 QDs and a red emission wavelength resulted from CsPbBrI 2 QDs, as shown in Fig. 8e . Under continuous eighthour working, the EL spectra do not change much, indicating that the device has a reasonable stability.
All the results demonstrate that the stability of CsPbX 3 QD/PDMS has been improved and CsPbX 3 QDs/PDMS composite film as luminescent materials has a great potential application in solid-state lighting system.
Conclusion
In summary, the highly luminescent and airstable CsPbX 3 perovskite QDs have been fabricated via a one-pot approach by directly heating perovskite precursors in octane without inert gas protection. The resultant CsPbX 3 perovskite QDs displayed superior optical characteristics with high luminous efficiency, narrow emission and wavelength tunability. Moreover, the CsPbX 3 perovskite QDs show good stability due to their high large exciton binding energy. Since it does not require a precursor injection, this synthetic strategy is an ideal method to produce high reproducibility and scale products. Additionally, the high performance of white LEDs and beautiful multicolor patterns was also fabricated by using different colored emissive CsPbX 3 QDs/PDMS composite as color conversion layer. Overall, we provide a simple and largescale method for the preparation of CsPbX 3 perovskite QDs for white LEDs and multicolor patterns.
